Indentation creep behaviour of iron aluminide intermetallic (Fe-28Al -3Cr) was studied in the temperature range of 843-963 K. The hardness and the plasticity parameter were also calculated from room temperature to 1273 K. The variation of hardness with time showed that the stress exponent ðnÞ was weakly dependent on temperature. Thermal activation parameter-activation area and energy were also calculated to identify the creep mechanism. The activation energy for high temperature creep was found to be in good agreement with that for selfdiffusion of pure iron and in excellent agreement with previous studies. These values of n, activation area and activation energy were found to be consistent with dislocation climb as the rate controlling creep mechanism. Conventional creep curves were also derived from hardness values. q
Introduction
The indentation creep test provides a simple and nondestructive method of investigating the mechanical properties of solids, it also gives information about the time dependent flow of materials [1 -4] . In this test, the indenter is maintained at a constant load over a period of time under well-controlled conditions. As the stresses cause the material beneath the indenter to creep, the indenter penetrates and changes in the indentation size are monitored. Thus, indentation creep is the time dependent motion of a hard indenter into a solid under constant load [5, 6] . An important advantage of the indentation creep technique is that all the creep information can be collected from the same sample, which not only greatly reduces the effort for sample preparation but also reduces the sample to sample variation in property [7] . This technique can be used for studying the creep properties of high temperature materials such as intermetallics and ceramics, including diamond, which are very difficult to evaluate using conventional methods. Thus, indentation method can be regarded as a quick and non-destructive procedure to extract information on the mechanical behaviour of materials [6 -8] .
Iron aluminides based on B2 or DO 3 ordered Fe 3 Al based alloys are now receiving extensive attention as materials with good potential for industrial applications as replacement for high temperature oxidation resisting or corrosion resisting stainless steel [9 -11] . The lack of ductility at room temperature and a decrease in strength above 873 K had retarded their development as a structural material. However, improvement in the room temperature ductility of Fe 3 Al has been achieved recently by the addition of alloying elements such as Cr [11, 12] . Efforts are continuing to develop iron aluminides with improved high temperature tensile and creep-properties. Much effort has been paid to structure control in order to optimize the mechanical properties of Fe 3 Al based alloys. In general, the alloys show various types of creep behaviour, which depends on condition such as stress, temperature, grain size and alloy composition [9 -24] . The aim of the present paper is to study the creep properties of this alloy by the indentation creep method.
Sargent and Ashby's model of indentation creep
In this model, Sargent and Ashby [25] have suggested that the stress and strain fields in a material below the pyramidal indenter are self similar in time and creep deformation is found to follow the power law of the type
where _ e is the steady state strain rate, A 0 is a constant, s is the applied stress, n is the stress exponent, Q is the activation energy and R is the universal gas constant
The displacement rate of an indentor in the underlying material has been derived as
where A is the projected area of indentation, C 2 is a constant and _ e 0 is the strain rate at a reference stress s 0 : For a pyramidal indentor the penetration is proportional to ffiffi A
Differentiating Eq. (3) with respect to time and substituting into Eq. (2),
where C 3 and C 4 are constants. Substituting hardness ðHÞ ¼ P=A where P is the normal load and A is area of penetration, Sargent and Ashby [25] have derived the following relationship between indentation hardness and dwell time:
where HðtÞ is the time dependent hardness. From Eq. (4), when P is held constant, we get
Hence, from Eq. (5) the gradient of a plot of lnðHÞ against lnðtÞ at a constant temperature is 21=n: Also a plot of lnðHÞ versus ln½ð21=HÞðdH=dtÞ at a constant temperature has a slope n (from Eq. (6)). The activation energy is calculated from the plot of lnðtÞ against 1=T at constant hardness, the slope of which provides Q=R:
Experimental procedure
The nominal alloy composition used in this study was Fe -28Al -3Cr (at%). Samples were prepared by air induction melting followed by electro-slag re-melting, using high purity elements. The microstructure of the alloy consists of equiaxed grains with an average grain size of 414 mm. The hot hardness measurements were carried out using a Nikon hot hardness tester (Nikon, Model QM) equipped with diamond Vickers micro-hardness indenter. Before starting the hot hardness experiments, the instrument was calibrated using standard samples (Cu: SRM; National Bureau of Standards, USA). Five indentations were made on the standard using 0.2 kg load. The hardness obtained was found to be^0.5% of the actual value. Samples of 5 mm £ 5 mm were cut from the alloy and metallographically prepared. The sample was loaded into the furnace of the hot hardness tester and evacuated to 0.1 Pa. The hardness was measured from room temperature to 1000 8C at 100 8C intervals with a dwell time of 5 s. All measurements were taken in the central region of the sample. At each temperature, at least four indentations were taken.
The indentation creep measurements were carried out using a load of 0.2 kg at 843, 873, 903, 933 and 963 K. This choice of temperature was based on the known softening behaviour of this class of alloys. At each temperature, the hardness was measured as a function of dwell time. The dwell times used in this study were 5, 15, 30, 100 and 300 s. For each dwell time, at least four indentations were taken. The indentation creep was also measured in the central region of the sample and all indentations were away from the edges.
Results
The variation of hardness ðHÞ with temperature ðTÞ of Fe -28Al -3Cr alloy is given in Table 1 . H -T data of the above mentioned alloy has been analysed in detail and results are reported elsewhere [26] . The indentation creep was studied by plotting a graph between hardness and dwell time at 843, 873, 903, 933 and 963 K (Fig. 1) . This plot showed a gradual decrease in hardness with increasing dwell time due to indentation creep. The slope of these lines is ð21=nÞ from which the stress exponent, n was determined Table 2 . The activation energy of the creep process has been calculated using a plot lnðtÞ vs 1=RT at constant hardness ( Fig. 2 ).
Discussion

Hardness and plasticity parameter
Milman et al. [27] have shown that the plasticity characteristics of a material can be evaluated from the hardness measurement They proposed a parameter called material plasticity, d H defined as:
where e p and e e are the plastic and elastic deformation, respectively, and e is the total deformation. The plasticity parameter characterizes, in general, the material's ability to change its shape in the course of deformation and to retain a part of this change after unloading. A sharp increase of e e during loading in a material indicates a weak stress relaxation by means of plastic deformation, i.e. low material plasticity. Plastic deformation leads to stress relaxation due to Hooke's law. For elastic deformation, Milman et al. [27] have derived a relation given below:
The above equation can be regarded as Hooke's law of indentation loading which allows a calculation of elastic deformation of the contact area. They also derived an expression for plasticity parameter:
It is seen from the above equation that the plasticity parameter is defined mainly from the value of ðH=EÞ; since Poisson's ratio has only a small effect. For all pure metals, e e , 1% and 0:9 , d H , 1:0: A value of d H $ 0:9 is a necessary condition for room temperature plasticity. The value of elasticity and plasticity parameter computed from the above hardness values is shown in Fig. 3(a -b) . It is clear that the elasticity parameter decreases with an increase in temperature and reaches close to zero above 1073 K (Fig. 3a) . Consistent with this behaviour, plasticity parameter computed from Eq. (9) shows a reverse trend. Plasticity was found to increase with the increase in temperature and reaches a value of near unity at 1073 K (Fig. 3b) . For many metals, hardness falls substantially with increasing temperature and its effect is much stronger than that of decrease of Young's modulus in the same temperature interval. At the same time, the temperature dependence of Poisson's ratio is weak, hence d H increases as temperature increases. The plasticity parameter gives an indication of material's ability to deform without the formation of cracks. A value of d H . 0:9; preferably . 0.95, is required for room temperature plastic deformation. As can be seen from Fig. 3b . the value of d H was 0.84 at room temperature indicating the brittle nature of the alloy at room temperature. The value of d H was above 0.94 at 873 K and it increases with further increase in temperature, showing hot deformation is feasible at these temperatures. d H is sensitive to structural and substructural state of the material and this value can be used for the investigation and control of thermomechanical treatments. 
Indentation creep
In an elastic -plastic analysis of the hardness test, when an indenter is pressed into the flat surface of the solid, the indenter is encased in a non-deforming hemispherical core within which there is assumed to be a hydrostatic pressure. Outside this zone, there exists a plastic -elastic hemispherical zone surrounding the hydrostatic zone. The process of indentation is thus likened to be the plastic movement of a series of shells concentric with the hemispherical core into the bulk of the specimen [28] . In this study, we have adopted the dimensional analysis approach of Sargent and Ashby [25] to analyze the results obtained.
There are a number of possible mechanisms which may contribute to high temperature creep in intermetallics, e.g. diffusional processes, dislocation glide and climb, grain boundary sliding as well as other effects due to the ordered atomic structure (such as change in vacancy concentration, different values for activation energies for diffusion or deformation process, etc.) [14, 15, 19] . However, the high temperature deformation mechanisms of these aluminides have not been extensively studied. Only limited studies on creep strength of Fe 3 Al alloys have been published [11, 13, 14] . Lawley et al. [13] have studied creep in Fe-Al alloys containing up to 28 at% Al. Sauthoff et al [16 -18] have reported that creep in B2 ordered structures was not fundamentally different from classically disordered alloys. Compression creep studies have shown that FeAl deforms by two independent deformation mechanisms, with the same activation energy in the temperature range of 1100 -1400 K [29 -32] . Both mechanisms are dependent on grain size, however, for higher stress regime ðn . 5Þ strength increases with a decreasing grain size, while for lower stress-exponent ðn , 5Þ the opposite is true. Under the experimental conditions when power law creep is valid, the value of the stress exponent n can be used to identify the mechanisms controlling the deformation as either: diffusional creep ðn < 1Þ; dislocation glide ðn < 3Þ; dislocation climb ðn < 4 -5Þ; or particle strengthening ðn $ 6Þ [16 -18] .
High temperature creep of single-phase materials can be characterized by stress exponent and activation energy values. Fig. 1 shows log -log plot of hardness and dwell time at 843, 873, 903, 933 and 963 K. The slope of each line is equal to the value of ð21=nÞ for creep. The magnitude of n was found to lie in the range (4.5 -5.5), as expected for high temperature power-law creep controlled by dislocation climb mechanism. As discussed by Li et al. [6] , the dislocation density built in the elastic-plastic zone due to indentation increases under the influence of stresses at high temperature. Due to these stresses the material will flow from this elastic -plastic zone to the surface of the sample. This will lead to dislocation climb as the rate controlling mechanism. At elevated temperatures, if a gliding dislocation was held up by an obstacle, a small amount of climb might permit it to surmount the obstacle, allowing it to glide to the next set of obstacles where the process was repeated. This glide step produces almost all of the strain but the climb step controls the velocity. Dislocation climb requires diffusion of vacancies; the rate-controlling step is therefore atomic diffusion. Diffusional processes are more difficult in ordered lattices because of the tighter inter-atomic binding between the dissimilar atoms and the longer distance between equivalent lattice sites. Thus, the activation energies for the formation and migration of vacancy increase with order, resulting in higher activation energies for diffusion and for creep, and therefore lower creep rates [14] . The stress exponent was found to decrease with increasing temperature, from 5.52 to 4.53 as the temperature increased from 843 to 963 K. Indentation tests are carried out at high values of stress. At such stresses many excess vacancies can be generated by dislocation intersection process. 
Thermal activation parameters
Two important thermal activation parameters often used for the identification of the operating creep mechanism are the activation energy and the activation area The activation area can be defined as:
where A p is the activation area and _ 1 is the creep rate (in general the deformation rate), k is the Boltzmann constant and b is the Burgers vector. In the indentation creep testing, it is not possible to directly evaluate the deformation partial d ln _ 1=ds s : However, if a conventional creep curve could be derived from the hardness time plots (hardness versus time curves), the deformation partial in Eq. (10) can be estimated. The models developed by Mulhearn et al. [33] assumes that the indentation produces an average representative strain given by: 
The conventional creep curve can be derived by plotting ð1=HÞ 1:5 as a function of time. However, in the literature it has been shown that converting the hardness time relationship into conventional creep curves and then estimating the activation energy using Atkin's model were in better agreement with the values of activation energy calculated from the conventional creep data. Typical conventional creep curves derived from the Atkin's model are shown in Fig. 4 . Here the strain is equated to ð1=HÞ 1:5 and therefore is in arbitrary units. In this curve, a near steady state seems to have been attained after 100 s. For small times the creep strain is almost primary in nature. Indentation tests are high stress test. The stress generated during the indentation process is estimated to be greater than E=1000 where E is the Young's modulus. Since the stresses are higher in the indentation tests, the onset of secondary creep is expected to be faster. Kutty et al. [35] have transformed the hardness time plots into conventional creep for various alloys like stainless steel AISI 316 and zircaloy 2. From the resultant creep curves, the activation energy for creep computed was found to be comparable with those in the reported in the literature.
The activation area is computed in the following manner: Two creep strain values are selected along a creep curve (constant temperature) and the corresponding creep rates are computed, from the slope of the creep curve. The hardness values corresponding to the two selected strain values are known and hence the stress values can be computed (from the applied load and the projected area of indentation). The quantity D ln _ 1=Ds s is then calculated and substituted in Eq. (10) to yield the activation area. The computed value of activation area was found to be 1.74 b 2 which is representative and have to be considered as only order of magnitude estimates.
In a similar way the activation energy for creep can also be computed from the derived creep curves. The relevant expression used for this computation is:
where t 1 and t 2 are the time to reach a given strain (i.e. a given hardness) value at two temperatures T 1 and T 2 : A constant hardness means a constant area of indentation and since load was kept constant, the situation corresponds to a constant stress, thus validating the procedure employed for calculating Q (Fig. 2) . These experimental results showed that the activation energy for high temperature creep lies in the range of 339 -341 kJ/mol. McKamey [14] has reported creep activation energy of 334 -355 kJ/mol in the same temperature range, which is in excellent agreement with the experimental results of the present study. An activation energy value of 355 kJ/mol has also been reported in the temperature range of 843 -963 K [13] , which also compares favourably with the present results. Chen et al. [20] reported that, at 873 K, Fe 3 Al alloys exhibit dislocation creep as rate controlling creep mechanism which further supports the results of this paper. Similar values of activation energy of plastic flow were obtained in Ref. [36] for FeAl based alloy. However, a recent review by Jordon et al. [37] showed that the activation energy of iron aluminides lies in the range of 250 -300 kJ/mol. Malek et al. [38] have reported an activation energy of 280 kJ/mol for high temperature deformation of Fe 3 Al based alloys. They have also reported stress exponent values in the range of 4 -5 which are in good agreement with the present study. Activation energy obtained in the present study is slightly higher than those reported in Ref. [37] . As suggested by Sherby and Burke [39] the effect of temperature on elastic modulus should be taken into account when calculating the activation energy for creep. The present study did not make the above corrections for the modulus while calculating activation energy. This could be one of the reasons why the calculated value of activation energy for creep was slightly higher than that for self-diffusion. Since self-diffusion depends on vacancy interchange with atoms, the activation energy is the sum of the formation and migration of vacancies. Agreement between the values of the activation energies of creep and self-diffusion of pure iron suggests that dislocation climb is the rate controlling mechanism. Several mechanisms have been proposed in the literature to account for the creep rate observed at high temperatures. Mechanisms based on diffusional flow such as HerringNabarro creep and Coble creep can be straight away discounted since these models require n to be unity or nearly so. The observed values of n are much higher and lies in the range of 4.5 -5.5. Two mechanisms have been mainly referred to in the literature which predict n values in the experimental range of 4 -7 [40, 41] . These are (i) the model of climb of edge dislocation (ii) the model of jogged screw dislocation motion. While the expected activation energy for creep is the same for the two mechanisms (namely activation energy for self diffusion), they are distinguishable on the basis of the activation area. The climb model requires A p to be about b 2 while that for non-conservative motion of jogs is a few hundred b 2 : The experimental activation area was close to 1.74 b 2 ; which shows that dislocation climb was the rate controlling mechanism. Based on the values of n; A p and Q obtained in the present study it is concluded that dislocation climb was the high temperature creep mechanism.
Conclusions
The indentation creep behaviour in the temperature range of 843 963 K of a Fe -28Al -3Cr was evaluated in this study. The results showed that the stress exponent varied between 4.5 and 5.5 with temperature. These values of stress exponent lie in the range expected for high temperature power-law creep controlled by dislocation climb mechanism. The value of activation energy for creep was found to be comparable to the activation energy for the self-diffusion of pure iron, also indicating that dislocation climb was the rate controlling mechanism. Further, the activation area calculated was also showed consistent with dislocation creep as the rate controlling mechanism. Thus, it can concluded that the Fe -28Al -3Cr undergoes creep by dislocation climb mechanism.
